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Abstract
Chemical-looping combustion (CLC) is a combustion concept with inherent separation of CO2. The process uses a solid 
oxygen carrier, which consists of metal oxide, to transfer the oxygen from air to fuel. This paper presents findings from batch 
tests performed in a 10 kWth CLC pilot for solid fuels. The pilot, which is the world’s first chemical-looping combustor for solid 
fuels, is based on interconnected fluidized-bed technology and features a fuel reactor (FR) and an air reactor (AR) as the principal 
reaction chambers. In the FR, fuel is gasified with steam whereupon gasification products react with the oxygen carrier to form, 
ideally, CO2, H2O and SO2. Oxygen-carrier particles exit the FR through a weir and are led to the AR, where they are regenerated 
to their oxidized state. The pilot has been operated using a natural iron-titanium ore called ilmenite as oxygen carrier. Previous 
continuous tests have demonstrated a need for batch tests in order to obtain complementary information on system performance. 
In this study, five fuels were fed to the fuel reactor in batches of 20-25 g at four temperatures; 940°C, 970°C, 1000°C and 
1030°C. By using devolatilized fuel, it was possible to determine (a) oxygen demand associated with syngas from char 
gasification as well as (b) kinetics of char conversion to gas. Rates of char conversion were found to be temperature dependent, 
as expected, whereas no temperature dependence was found for the oxygen demand. Activation energies for conversion of char 
to gas were calculated using Arrhenius plots. The minimum oxygen demand for char was found to be around 5%.
© 2010 Elsevier Ltd.
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1. Introduction
Chemical-looping combustion (CLC) is a combustion process where CO2 is inherently separated from other flue 
gases. The key component in the process is the oxygen carrier, consisting of metal oxide, which transfers oxygen 
from air to fuel. The CLC process is usually carried out in two interconnected fluidized beds, an air reactor and fuel 
reactor, shown in Fig. 1. The fuel is introduced into the fuel reactor where it reacts with the particulate oxygen 
carrier, e.g. ilmenite. The reduced oxygen carrier is transported to the air reactor where it is re-oxidized to its 
original state by air. The gas stream leaving the fuel reactor ideally consists of only CO2 and H2O.
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In principle, all kinds of fuels can be oxidized with 
chemical-looping combustion. A process using gaseous 
fuels such as natural gas, refinery gas or synthesis gas 
would be easiest to realize, but there is considerable 
interest in CLC of solid fuels, such as coal, since it is a 
cheaper and much more abundant fuel.
In CLC with solid fuels, the fuel is primarily dried and 
devolatilized, whereupon gasification of the char can 
occur. Volatiles and gasification products react with the 
oxygen carrier to form CO2, H2O and SO2. In CLC, 
gasification takes place in an atmosphere with high 
concentrations of CO2 and H2O, which is an advantage 
compared to normal gasification. The main gasification 
reactions are
Figure 1. Schematic representation of CLC. MexOy
and MexOy-1 denote oxidized and reduced forms of 
the oxygen carrier.
C + H2O 2 (1)
C + CO2  (2)
The main reactions with the metal oxide, denoted MexOy, are
MexOy + H2 	
xOy-1 +H2O (3)
MexOy + CO 	
y-1 + CO2 (4)
CLC of solid fuels has been demonstrated by Berguerand and Lyngfelt [1, 2, 3], and by Shen et al. [4]. Berguerand 
and Lyngfelt achieved approximately 90 h of continuous testing using the pilot described here with ilmenite as 
oxygen carrier. This pilot has also been used for batch tests [5]. The use of ilmenite as oxygen carrier in CLC of 
solid fuels has been investigated by Leion et al. [6]. Information about other potential oxygen carriers can be found 
in the work of Jerndal et al. [7], and reaction kinetics of various oxygen carriers has been examined by Abad et al. 
[8]. Several chemical-looping combustors for gaseous fuel ranging from 0.3-120 kWth have been designed and 
operated using a number of different oxygen carriers, e.g. [9, 10, 11], adding up to 4000 h of operation [12]. A 10 
kW pilot for gaseous fuels has been operated for > 1000 h using a Ni-based oxygen carrier [13]. A number of 
literature studies have investigated the possibility to combine power cycles with the chemical-looping system. These 
process simulations have been performed using different types of oxygen carriers and natural gas or synthesis gas as 
fuel. Reviews of the literature in this area can be found in Wolf [14
2. Experimental
]. The process studies demonstrate that it is 
theoretically possible to achieve high thermal efficiencies using CLC integrated with CO2 capture. 
The reactor system consists of a fuel reactor (FR), where the fuel is gasified by steam and gasification products 
are oxidized by the oxygen carrier, an air reactor (AR), where the particles are oxidized, and a riser, which brings 
particles back to the fuel reactor via the cyclone and upper loop seal. The gas velocity in the AR and riser provides 
the driving force for particle circulation. However, the batch tests in this study were carried out without global 
circulation of solids. The upper and lower loop seals are present in the reactor system in order to eliminate gas 
leakages between the reactors.
The FR is divided into two main sections; a low-velocity section which is operated as a bubbling bed, and a 
carbon stripper which is operated between the terminal velocities of the oxygen carrier and the char, hence enabling 
separation of the two types of particles. The FR is also equipped with a recirculation loop, the function of which is 
to return elutriated char particles to the low-velocity section, but this loop was not really in operation during the 
present experiments. All reactions occur in the low-velocity section, which is fluidized with steam. The solids 
inventory in the low-velocity section is around 6 kg. A detailed description of the 10 kW pilot is given in [1]. Fig. 2 
shows the whole reactor system along with a fuel-reactor close-up.
The oxygen carrier used in the experiments was ilmenite, an iron-titanium oxide that has previously been used in 
the 10 kW pilot for approximately 90 h of operation [1, 2, 3, 5]. Ilmenite is a commonly occurring mineral which is
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Figure 2. The 10 kWth pilot with peripherals (left) and fuel-reactor close-up (right). (a) air 
reactor (AR), (b) riser, (c) cyclone, and (d) fuel reactor (FR). LOVEL and CS denote low-
velocity section and carbon stripper, both of which are parts of the fuel reactor.
produced in large quantities worldwide. Its chemical formula is FeTiO3, which is the reduced form. Advantages as
oxygen carrier are low cost, no thermodynamical limitations, high melting point (1367°C), good mechanical
strength and stability in fluidized beds, sufficient rates of oxidation and reduction, and no health or environmental 
issues. The ilmenite used in the tests described here has an average diameter of 170 µm and the bulk density is 
approximately 2200 kg/m
3
. The minimum fluidization velocity in steam at 950°C is 0.016 m/s.
Five fuels were used in the experiments: three bituminous coals, a pet coke and a metallurgical coke (abbreviated
met coke). The latter is used as reducing agent in blast furnaces and was produced from US and Australian 
bituminous coals by a Swedish steel company. Pet coke is a by-product from oil cracking. Four of the fuels were 
partially devolatilized in a coke oven before the tests, see table 1. The devolatilization process in the coke oven is 
not complete, as can be seen in the proximate analysis in table 1. Note especially the high amounts of volatiles for 
Colombian. The reason why volatiles are unwanted is explained below.
Table 1. Fuel specification with proximate analysis. M: moisture; A: ash; V: volatile matter; C: fixed carbon.
Fuel name Type Origin Devolatilized
Proximate analysis
M (%) A (%) V (%) C (%) V/(V+C)
RSA Bituminous coal South Africa Yes 4.3 22.4 2.8 70.6 3.8
Cerrejón Bituminous coal Colombia Yes 2.3 18.4 11.6 67.7 14.6
Colombian Bituminous coal Colombia Yes 2.7 6.2 29.1 62 31.9
Pet coke Petroleum coke Mexico Yes 2.3 6.4 2.5 88.9 2.7
Met coke Metallurgical coke SSAB, Sweden No 0.3 10.9 0.6 88.2 0.7
3. Data evaluation
In order to evaluate the performance of the 10 kW pilot certain parameters need be introduced:
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 The oxygen demand, OD, describes the fraction of oxygen 
lacking to achieve complete combustion of the gas 
produced in the FR, eq. (5), where 0 is the molar ratio [nO2
required for combustion/kg fuel] / [nC /kg fuel].
 )()()(
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 The instantaneous rate of fuel conversion, kinst, eq. (6), where 
)(, tm FRC is the amount of non-reacted carbon present in the fuel 
reactor at time t, and )(tmC is the mass flow of gaseous carbon, i.e.
carbon converted to CO, CO2 and CH4.
 The fraction of carbon in the batch that is converted to gas, eq. (7),
where t0 is the time when the batch is introduced and tend is the time 
when the experiment ends. The amount of carbon left in the fuel 
reactor at the end of each experiment, )(, endFRC tm , was zero for all 
fuels except met coke.
 A relatively large fraction of the fuel escapes the reactor system 
unconverted. The total amount of fuel that is actually converted to gas, 
XC,fuel, is expressed in eq. (8), where mC,fuel is the carbon introduced 
into the fuel reactor with the fuel. 
 Activation energies, Ea, are calculated using the Arrhenius equation, 
eq. (9), expressing the temperature dependence of the specific reaction 
rate, k. k0 is the frequency factor, Ea is the activation energy, R is the 
gas constant (8.314 J mol
-1
K
-1
), and T is the absolute temperature.
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4. Background and purpose of study
This study deals with batch experiments of five fuels at four temperatures. The purpose of the tests is to evaluate 
kinetics of char conversion as a function of the temperature, and the oxygen demand associated with the syngas 
produced by the char. Most of the volatile matter in the fuels used was driven off by subjecting the fuel particles to 
high temperatures in a coke oven. This devolatilization was important since the purpose of the study was to 
investigate the reactivity of the char of different fuels.
Reactions between ilmenite and syngas are fairly quick at elevated temperatures [6]. It is thus reasonable to 
believe that the gasification of the fuel is the rate limiting step. Hence, diligent efforts have been made to find the 
rate of char gasification in this work. Prior experience from continuous and batch tests has shown that a rather high 
fraction of the reducing gases escapes the fuel reactor unconverted. These gases can either be volatiles or syngases, 
i.e. products from the char gasification. Using pet coke, Berguerand and Lyngfelt found that the oxygen demand, 
OD, varied between 27 and 36% during stable, continuous operation [3]. An experiment aimed at quantifying the 
volatiles in the total gas outflow was performed by investigating the transitions in gas concentrations at the outlet of 
the fuel reactor during the first minute following start and stop of the fuel feed at TFR = 950 °C and a fuel feed 
corresponding to 6 kWth [3]. The experiment demonstrated that most of the CO and H2 and all the CH4 in the exiting 
gas from the fuel reactor actually come from the volatiles, which again is in line with expectations. The experiments 
indicated that as much as 80% of the oxygen demand was associated with volatiles. 
The high amount of volatiles that escape the reactor system unconverted is due to the design of the fuel reactor 
and how the fuel is introduced. The time for devolatilization of a single, < 250 µm, particle in an inert atmosphere at 
a temperature of 950°C, is in the order of 1 s or less. Since the height of the “hot” zone – i.e. the length of the fuel 
chute inside the oven – is 1 m and the maximum velocity of the particles attained in this zone is 1 m/s, there is 
enough time for devolatilization to occur. The volatiles then by-pass the fuel-reactor bed and never come into 
contact with the oxygen carrier. This suggests that the more volatile matter a fuel contains, the greater the oxygen 
demand in continuous testing. In-bed feeding would solve the problem by largely improving contact between 
oxygen carrier and fuel, but has not been considered for the 10 kW pilot.
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In summary, the rather high oxygen demand measured during previous tests is strongly associated with rapid 
devolatilization of the fuel in combination with the fuel feed design and the fuel reactor configuration itself, 
preventing the contact between volatiles and oxidized ilmenite. In order to reduce possible errors related to the 
presence of volatiles, the batch experiments conceived in this study were made with devolatilized fuel, which could 
provide vital information on (a) oxygen demand associated with syngas from char gasification as well as (b) kinetics 
of char conversion to gas. Efforts in this area are vital since char gasification is the rate limiting step in CLC with 
solid fuels.
5. Results
Five fuels were fed in batches of 20-25 g to the 
fuel reactor at four temperatures; 940°C, 970°C, 
1000°C and 1030°C. Gas measurements of primarily 
CO2, CO, CH4 and H2 provide the basis for analysis in 
this study. Table 2 shows fuel conversion as the 
fraction of the carbon in the batch converted to gas. A 
lot of the incoming fuel is blown away to the chimney 
and never comes in contact with the oxygen carrier. 
Table 2. Total fuel conversion, XC,fuel.
Fuel
TFR (°C)
940 970 1000 1030
RSA 0.39 0.47 0.48 0.49
Cerrejón 0.45 0.53 0.51 0.41
Colombian 0.46 0.64 0.64 0.60
Pet coke 0.52 0.64 0.63 0.61
Met coke - 0.24 0.33 0.41
Figs. 3 and 4 show dry gas concentrations at the outlet of the fuel reactor. Note that steam is the fluidizing agent 
in the LOVEL, whereas N2 is used (a) for fluidization of the carbon stripper and the loop seals, and (b) as sweep gas 
for the fuel. Thus, large amounts of nitrogen dilute the gas originating from the fuel, which explains the rather low 
concentrations in Figs. 3 and 4. Fig. 3 shows typical concentrations versus time for Cerrejón at 1000°C. Fig. 4 
shows CO2 concentrations versus time for the same fuel at different temperatures. The general appearance of these 
curves is the same for all five fuels.
Figure 3. Gas concentrations for Cerrejón
at 1000°C.
Figure 4. CO2 concentrations at different 
temperatures with Cerrejón.
Figs. 5 and 6 show reaction rate constants versus fuel conversion. Note that in Fig. 5, the line for met coke ends 
abruptly at XC = 0.375. This is because the met coke reacted much slower than the other fuels and there was still a 
lot of fuel left in the fuel reactor when the experiment was terminated after 25 min. The reason the tests had to be 
terminated after this time was to avoid excessive thermal stress in the reactor system, since the temperature in the air 
reactor drops rapidly in batch tests, thus creating a substantial temperature difference between AR and FR which 
increases over time. Note also the initial “hump” for Colombian, which is due to volatiles.
Fig. 7 shows the Arrhenius plot of ln kinst,max versus T -1 for five fuels. Values for kinst,max were obtained by taking 
the average of kinst between XC = 0.33 and XC = 0.67, except for met coke, for which the corresponding “mid-third” 
was used, e.g. for met coke at 970°C, kinst,max was obtained as the average of kinst between XC = 0.125 and XC = 0.25, 
cf. Fig 5. The reason kinst,max is used, is that it is believed to best represent the actual reaction rate constant for char
conversion to gas. At the start of a test, the effect of back-mixing in the gas measurements is considerable, due to the 
presence of dead volumes, such as cooling systems. Studying Fig. 5, it is also clear that the initial volatile-induced 
peak for Colombian is not representative for char conversion and should thus be excluded when determining kinst,max,
which is accomplished by choosing the mid-third with respect to XC. The reaction rate constant decreases towards
C. Linder olm et al. / Energy Procedia 4 (2011) 385–392 389
6 Author name / Energy Procedia 00 (2010) 000–000
Figure 5. kinst versus fuel conversion at 970°C 
for five different fuels.
Figure 6. kinst versus fuel conversion for different 
temperatures using Cerrejón as fuel.
the end of the experiments, notably for those carried out at higher temperatures. Here, concentrations are lower, and 
there is therefore more uncertainty in the measurements. More importantly, it is suspected that the long “tail” of 
synthesis gases seen in all experiments can be explained by gasification occurring outside LOVEL. This would 
happen if (a) a fraction of the volatiles released initially formed carbon on the walls downstream of LOVEL, or (b) 
fuel that did not enter the LOVEL-bed get stuck on the walls downstream of LOVEL or in the recirculation loop.
Table 3 shows activation energies and ratios 
for kinst,T1/kinst,T2 for the fuels used in the 
experiments. It can be noted that the more 
volatiles a fuel contains, the higher the calculated 
activation energy. Similarly, the ratio kinst,1030°C/
kinst,970°C increases with amount of volatile matter 
present in the fuel.
Table 3. Activation energies and ratios for 
kinst,T1/kinst,T2 at different temperatures
Fuel Ea (kJ/mol) kinst,1030°C/ kinst,970°C
RSA 153 2
Cerrejón 189 2.4
Colombian 222 3.2
Pet coke 119 1.8
Met coke 99 1.6
Figure 7. ln kinst versus 1/TFR for five fuels.
Figs. 8-10 show oxygen demand, OD, versus fuel conversion. It is assumed that minimum values of OD best 
represent the OD of the char. Initially there is the presence of volatiles creating a peak and the effect of back-mixing 
in the measurement system, discussed above, that makes the peak wider and less tall. Towards the end of the 
experiment, the fraction of CO and H2 – relative to CO2 – increases. The presence of syngases may, as briefly 
discussed above, be explained by gasification outside the LOVEL section of the fuel reactor. Since there is only 
little fuel left in the fuel reactor towards the end of the experiment, such lingering gasification would yield an 
increase in oxygen demand, as seen to the right in Figs. 8-10. Fig. 11 shows the minimum oxygen demand as 
function of temperature for five fuels. The three points in parentheses along the x-axis represent measured minimum 
oxygen demand for the met coke. However, concentrations of CO and H2 were very low, which makes the 
measurement uncertainty quite large. There is one measurement point for met coke at 1000°C in Fig. 11 that is not 
in parenthesis. This test was made with a 50 g batch and much reduced sweep gas (N2) flow, which reduced the 
dilution of carbonaceous gases, i.e. increased the concentrations of CO and H2. This test with met coke can also be 
seen in Fig. 10.  
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Figure 8. Oxygen demand versus fuel conversion 
for different temperatures using Cerrejón as fuel.
Figure 9. Oxygen demand versus fuel
conversion at 970°C for five fuels.
Figure 10. Oxygen demand versus fuel conversion 
for pet coke and met coke.
Figure 11. Minimum oxygen demand as 
function of TFR for five fuels.
6. Discussion
Values obtained for activation energy of the char seem reasonable. Wen and Lee compared literature data on
activation energies for steam gasification of different chars and found an average of 146 kJ/mole [15
The oxygen demand, OD, was thoroughly investigated for all fuels. The minimum OD was assumed to best 
represent the OD of the char, since (a) it was clear that unconverted volatiles are responsible for the initial peak in 
OD, and (b) it was suggested that gasification of fuel outside the LOVEL created a long tail of syngases, as 
discussed above, which would explain the increase in OD once the minimum had been reached. This would also 
imply that  
  OD are overestimations of the actual OD of the char. Modelling work by 
Berguerand et al. [
].
16
Fig. 11 suggests that the minimum OD is lower for fuels with little volatile matter. This result is also in line with 
findings by Berguerand and Lyngfelt [
] suggests that, using ilmenite in the 10 kW pilot, the oxygen demand of the char should be 
around 1.5% at 1000°C. Another possible explanation of the increase in OD with increasing XC would be decreased 
reactivity of ilmenite as the amount of available oxygen decreases.
5] who found the OD for non-devolatilized pet coke to be 8.4-11%. OD for 
the char is generally expected to be similar for all fuels, since there is no difference in the syngas generated.
However, the difference in OD for the different fuels could be explained by (a) the previously discussed carbon 
gasification downstream of LOVEL, which should be higher for fuels with more volatiles; (b) back-mixing, which is 
more likely to affect rapidly reacting fuels; note how back-mixing and high volatile content move the minimum OD
to high XC for ‘Colombian’ in Fig. 9; and (c) mixing of fuel into the bed; fuels with high rates of conversion may not
have sufficient time to mix, i.e. more fuel is gasified in the top part of the bed, giving less contact with the oxygen 
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carrier. In conclusion, the actual oxygen demand of the char is best represented by pet coke and met coke, which 
gasify slowly and contain little volatile matter.
7. Conclusions
Batch experiments with five different fuels, four of which were devolatilized, were carried out in a 10 kW CLC 
pilot. Batches of 20-25 g were fed to the fuel reactor at TFR = 940°C, 970°C, 1000°C, and 1030°C. The aim of the 
tests was to determine vital parameters for char conversion. It was possible to determine (a) oxygen demand 
associated with syngas from char gasification as well as (b) kinetics of char conversion to gas. Instantaneous rates of 
char conversion to gas was found to be temperature dependent, as expected, whereas no temperature dependence 
was found for the oxygen demand. Activation energies for conversion of char to gas were calculated using 
Arrhenius plots. 
 The activation energies were found to vary from 99 kJ/mole for met coke to 222 kJ/mole for Colombian. 
 The reaction rate constant was found to increase with a factor 1.6 - 3.2 between 970°C and 1030°C. 
 The minimum oxygen demand, suggested to be the same as the oxygen demand for char, was found to be 
4-5% for pet coke and met coke, and 6-11% for the bituminous fuels.
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